Structural bone allografts are widely used in the clinic to treat critical sized bone defects, despite lacking the osteoinductive characteristics of live autografts. To address this, we generated revitalized structural allografts wrapped with mesenchymal stem/progenitor cell (MSC) sheets, which were produced by expanding primary syngenic bone marrow derived cells on temperatureresponsive plates, as a tissue engineered periosteum. In vitro assays demonstrated maintenance of the MSC phenotype in the sheets, suggesting that short-term culturing of MSC sheets is not detrimental. To test their efficacy in vivo, allografts wrapped with MSC sheets were transplanted into 4-mm murine femoral defects and compared to allografts with direct seeding of MSCs and allografts without cells. Evaluations consisted of x-ray plain radiography, 3D microCT, histology, and biomechanical testing at 4-and 6-weeks post-surgery. Our findings demonstrate that MSC sheets induce prolonged cartilage formation at the graft-host junction and enhanced bone callus formation, as well as graft-host osteointegration. Moreover, a large periosteal callus was observed spanning the allografts with MSC sheets, which partially mimics live autograft healing. Finally, biomechanical testing showed a significant increase in the structural and functional properties of MSC sheet grafted femurs. Taken together, MSC sheets exhibit enhanced osteogenicity during critical sized bone defect repair, demonstrating the feasibility of this tissue engineering solution for massive allograft healing.
Introduction
Massive bone grafting is commonly used in both military and civilian orthopaedic reconstruction surgeries to repair critical sized defects due to trauma or tumor resection. Both experimental and clinical studies have demonstrated that live autologous grafts are superior to processed or devitalized allografts when analyzing bone incorporation, repair, and remodeling [1, 2] . However, due to the limited availability of autologous bone grafts, and problems with chronic pain at the donor site [3, 4] , processed allografts remain an attractive substitute for bone grafting. It has long been recognized that there are several fundamental differences between a live autograft and a processed allograft including: i) autografts contain living cells that can produce new bone [5, 6] ; ii) autografts contain growth factors and osteogenic substances; and iii) the host can effectively remodel the autograft but does not resorb the processed allograft [7, 8] . Clinically, more than 500,00 Americans require bone allografts annually, although due to the lack of appropriate osteogenesis, angiogenesis and remodeling of structural allografts, the 10-year post-implantation failure rate is 60% [9] . Thus, the major challenge to the field of bone grafting is to identify the central factors, cells, and/or environmental cues that govern normal autograft healing and to devise a method to achieve the same healing results when utilizing processed allografts.
There are at least three experimental approaches that have been devised to enhance the osteogenic response of structural allografts. The first strategy involves the delivery of recombinant protein growth factors locally with the allograft (i.e. bone morphogenetic proteins; BMPs) [10, 11] or systemically (i.e. parathyroid hormone; PTH) [12] via treatment of the host. Despite the applicability of these approaches, sustaining local growth factor delivery and regulating the influence of growth factors on non-targeted cell populations remains a substantial barrier to tissue engineering and has presented significant safety concerns and complications in some clinical settings [13] [14] [15] . While treatments with osteogenic factors show promise, they also rely heavily on the host to provide the appropriate number of cells with which to mount an adequate osteogenic healing response. These host requirements exist regardless of the treatment regimen, dose, or delivery method. The second strategy utilizes viral and/or non-viral targeted osteogenic or angiogenic gene delivery approaches [16, 17] . While a few of the gene transfer methods for critical defect healing have reached orthopaedic pre-clinical trials, there remain significant regulatory, efficacy, and safety concerns with the use of viral agents or genetically altered cells for implantation into patients. The third and possibly the most exciting strategy to promote or enhance devitalized allograft incorporation and critical sized bone defect healing involves the use of the patient's own mesenchymal stem/progenitor cells (MSCs). This approach, currently in experimental phases, entails the isolation of bone marrow derived MSCs from a patient and seeding the cells on a graft or scaffold prior to transplantation. While this approach has demonstrated some success with marrow-derived MSCs, experimental strategies have primarily been focused on ensuring the appropriate engraftment of MSCs into host bone when using scaffold or allograft carriers [18] [19] [20] [21] .
The most well studied and clonogenic MSC populations commonly express a number of cell surface markers including CD105, CD90, CD106, CD146, CD29, and CD166, and lack the expression of hematopoietic lineage markers, including CD34, CD11b and CD45 [22, 23] . Cell surface markers such as SSEA4, CD105, Sca1, and Stro-1 have been successfully used to enrich MSC populations [24] [25] [26] . MSC populations, however, tend to lose their multipotency and capacity to proliferate with increasing passages in culture, suggesting senescence [27] . Growth factors such as FGF2 and FGF4 have been utilized to promote the expansion of MSC populations [28, 29] , while some of the well known stem cell transcriptional regulators (SOX2, OCT4, NANOG) have also been used to promote the maintenance and multipotency of MSCs in culture [30, 31] . In this study, we utilized a set of these stromal cell markers to evaluate changes in cellular behavior during cell isolation and generation of MSC sheets.
Cell sheet technology has been applied in tissue engineering for several years to regenerate damaged soft tissues, including corneal epithelia [32] , periodontal ligament cells [33] , bladder epithelia [34] , kidney glomeruli [35] , oesophageal epithelia [36] , myocardial cells [37] and hepatocytes [38] . Cell sheet technology consists primarily of a "thermo-responsive culture dish" which enables reversible cell adhesion to and detachment from the dish surface by controlling the hydrophobicity of the surface [39] . This allows for a non-invasive harvest of high-viability cells in an intact monolayer that includes any deposited extracellular matrix (ECM). The ECM provides the necessary structural and adhesive properties for maintaining cell sheet integrity and resisting deforming forces during transplantation. Through implementation of this technology, MSC sheets can be easily generated and transplanted to the site of large bone defects, acting as a tissue-engineered periosteum surrounding the implanted graft. We expect that the utilization of MSC sheets will enhance allograft incorporation into the host bone without necessitating the use of a biodegradable scaffold.
In this study, we first utilized temperature-responsive culture dishes in the generation of human MSC sheets ex vivo. Second, we used these cells to test the hypothesis that allografts used in conjunction with MSC sheets possess superior osteogenic properties and enhanced bone defect healing during skeletal repair in a preclinical mouse model of critical sized femoral allograft.
Materials and Methods

Study design
Experiments were designed to include six male mice samples per group at different time point. Host mice carrying allografts were randomly and equally assigned to either control, MSC-seeding or MSC-sheet groups. The sample size for Micro-CT and biomechanical testing was determined by power analysis based on our pilot experiment data.
Mouse strains
C57BL/6J mice were purchased from Jackson Laboratory. Allogeneic bone grafts were obtained from mice of the 129/J strain for implantation into C57BL/6J mice. The University of Rochester Committee of Animal Resources approved all animal surgery procedures.
Bone marrow MSC isolation
Bone marrow derived MSCs were isolated from 6-week old C57BL/6J mice using a modified version of a previously described protocol [40] . In brief, mice were sacrificed by CO 2 asphyxiation followed by cervical dislocation. Femurs and tibiae were dissected from the surrounding tissues. The epiphyseal growth plates were removed and the bone marrow was collected by flushing with αMEM culture medium containing 100 U/ml Penicillin, 100μg/ml streptomycin and 10% FCS (Hyclone) with a 25-gauge needle. Single cell suspensions were prepared by gently mixing the cells with a pipette followed by filtration through a 70-μm strainer. 2-5 × 10 7 total bone marrow cells were obtained using 5-10 mice. The EasySep Mouse Mesenchymal Progenitor Enrichment Kit (Stem Cell Technologies) was used as a negative selection strategy to remove unwanted cells of the hematopoietic and endothelial lineages (CD45, TER119 antibodies linked to magnetic beads) according to manufacturer's instructions. Remaining viable cells were counted using trypan blue staining and re-seeded at 500 cells/cm 2 and grown in Mesenchymal Stem Cell Growth Medium for expansion. Media were replaced 3 days and refreshed 6 days post adherence. At day 7, cells were harvested for colony forming units-fibroblast (CFU-F) assay and a second in vitro expansion. To monitor the colony formation, some of the colonies were fixed using 4% PFA and stained with 0.2% crystal violet solution for 1 hour before they were washed with water and images were captured. Colonies consisting of at least 50 cells were counted as CFU-Fs.
Generation of MSC sheets
When cells reached 80% confluence during the second expansion, some of the cells were then harvested for flow cytometry analysis and the rest of the MSCs were re-seeded at 3 different densities (200, 100, 50 cells/mm 2 ) on thermo-responsive 6-well culture plates with UpCell surface (Thermo Scientific, Cat. 174901) to generate cell sheets. Once the cells reach 100% confluence (monolayer cell sheet), cell sheets were harvested for flow cytometry, RNA isolation, and in vivo implantation. MSCs at 80% confluence were used for RNA isolation and flow cytometry as a control.
Cell viability assay
After 24 hours of culture, newly formed MSC sheets were trypsinized using 0.25% trypsin-EDTA (Invitrogen) and then stained with 0.4% trypan blue solution. Cell viability was estimated by cell counting via hemocytometer in which non-viable cells appear blue, viable cells are unstained.
Flow cytometry analysis
Following the second expansion, cells were trypsinized and stained with 0.2ug of CD105 antibody conjugated to FITC, 0.2ug of CD29 antibody conjugated to PE, and 0.2ug of Sca-1 antibody conjugated to APC (ebioscience). After washing in FACS buffer, the cells were analyzed on an LSR-II (Beckton Dickson) and the data were further analyzed using FlowJo software (Tree Star). MSCs at 80% confluence and cell sheets were also collected for Flow cytometry analysis using the CD105 antibody.
Real-time PCR analysis
Total RNA was isolated from MSCs using RNeasy Mini Kit from Qiagen Inc. One microgram of RNA was subjected to reverse transcription using the iScript cDNA synthesis Kit (Bio-Rad). The obtained cDNA was then amplified via real-time PCR using an ABI 7500 Real-time PCR System (Applied Biosystems) and SYBR® Green Real time PCR Supermix (Bio-Rad). The primers used for real-time PCR are listed in Table 1 , and β-actin was used as the housekeeping gene. Quantification of the relative expression levels of these target genes was achieved by normalizing to β-actin using the ΔΔCt method.
Devitalization of bone allografts
Eight week-old male 129/J mice were used for donation of devitalized allografts. Briefly, mice were euthanized and a 4mm mid-diaphyseal segment was removed from each femur by osteotomy using a rotary Dremel with custom circular diamond blades. Allograft segments were flushed of the bone marrow using 25-guage needles, the periosteal tissues were manually stripped, and the bone grafts were washed repeatedly in 70% ethanol for at least 4 hours. The allografts were then stored in 100% ethanol at −80°C for at least 7 days to complete the devitalization process.
Wrapping of MSC sheets on allografts
Following MSC sheet formation, cell sheets were wrapped onto devitalized allografts. Briefly, the cultured MSC sheets were covered by a cell transfer membrane (Thermo Scientific, Cat.1749016) and kept at 25°C for 10 min. After the cell layer adhered to the membrane, it was detached carefully from the thermo-responsive culture plate. The cell sheet and membrane were then placed in a new larger dish with the cell layer facing up, the devitalized room temperature allografts were placed on the top of cell sheets and wrapped by one layer of cell sheet and incubated for an additional 30 minutes at 37°C in fresh media to release the membrane. After carefully removing the membrane from the cell sheet, the MSC sheet wrapped allografts (MSC-sheet) were kept at 37°C for allograft transplantation surgery. Additionally MSCs were seeded directly onto devitalized allografts (MSC-seeded) via cell culture methods as described previously [41] . Briefly, the grafts were placed in 48 well culture plates containing standard media for 30 min prior to the initial seeding of 5×10 5 MSCs. MSCs were allowed to incubate for an additional 30 minutes at 37°C on the grafts. The grafts were rotated 180° and another 5×10 5 MSCs were seeded onto the other side of the graft in an attempt to generate an even distribution of MSCs across the graft. The MSCs directly seeded onto allografts were incubated at 37°C for about 1 hour to allow the cells to attach and integrate into the graft prior to transplantation.
Surgical reconstruction of the mouse femoral defects
8-week-old C57BL/6J mice were anesthetized via intraperitoneal injection with a combination of ketamine (60mg/kg body weight) and xylazine (4mg/kg body weight). A 7-8mm long incision was made, and the midshaft femur was exposed using blunt dissection of muscles. A 4-mm mid-diaphyseal segment was removed from the femur by osteotomizing the bone using the Dremel tool. A 4-mm cortical bone graft with/without MSCs or MSC sheet was then inserted into the segmental defect and stabilized using a 26-gauge metal pin placed through the intramedullary marrow cavity, as previously described [41] . The incisions were closed using silk sutures. Graft healing was followed radiographically using a Faxitron X-ray system (Faxitron X-ray Corporation, Wheeling, IL). Mice were sacrificed at 2, 4, and 6 weeks post surgery and samples processed for further analysis.
Micro-CT bone imaging analyses
Some of the reconstructed femurs from weeks 4 and 6 (n=6) were imaged after careful dissection and removal of the intramedullary pin using a microCT system (VivaCT 40, Scanco Medical). Briefly, the femurs were scanned using a protocol that utilizes highresolution (10.5 microns) x-ray energy settings of 55 kVp and 145 μA. Quantification of bone volume and total volume of callus were performed as previously described using the Scanco analysis software [42] .
Biomechanical testing
Specimens (n=6) from day 42 were harvested and moistened with saline before biomechanical testing. The ends of the femurs were cemented into square aluminum tube holders using PMMA to ensure axial alignment and to maintain a gage length of 7-8 mm, allowing a length of at least 3mm to be potted at each end. Specimens were mounted on an EnduraTec TestBench ™ system (200 N.mm torque cell; Bose Corporation) and tested in torsion until failure. The torque data were plotted against the rotational deformation (normalized by the gage length and expressed as rad/mm) to determine the Maximal Torque and torsional rigidity.
Histological evaluation of grafted femurs
The femoral samples to be used for histology analyses were fixed in neutral buffered formalin and processed in paraffin. Paraffin embedded samples (n=6) from weeks 4 and 6 were sectioned at 5μm. Sections were stained with Alcian Blue/Hematoxylin/Orange-G (AB/H/OG) to determine the contributions of cartilage, bone, and fibrotic tissue during the repair process.
Statistical analysis
The above experiments were repeated at least three times independently. All data are presented as mean ± SD. Statistical significance among the groups was assessed using oneway ANOVA. The level of significance was P < 0.05.
Results
MSC isolation and cell sheet culture
Since bone marrow derived MSCs (BMSCs) are readily available and have extensive osteogenic differentiation potential, we utilized these cells for generating periosteum-like MSC sheets for in vivo implantation and the enhancement of allograft incorporation. We first isolated BMSCs from 6-week-old C57BL/6J mice (n=5) using the EasySep Mouse Mesenchymal Progenitor Enrichment Kit. After pre-enrichment through negative selection, the cell clonogenic ability of MSCs was tested by CFU-F assays. A yield of 100-150 CFU-F colonies was obtained, following 7 days in culture with an initial seeding density at 500 cells/cm 2 . Fig. 1A shows a representative CFU-F that contains fibroblast-like mesenchymal progenitor cells and suggests that our isolation technique is suitable for preparation of MSCs with self-renewal ability. To obtain sufficient numbers of MSCs for further experiments, all colonies were collected and re-cultured for an additional 7 days in vitro before harvesting for flow cytometry analysis and cell sheet preparation. Flow cytometry analyses demonstrated that cells obtained from three separate preparations ranged from 63.6% to 91.6% positive for stem cell markers CD105 (Fig. 1B), CD29 (Fig. 1C) and Sca1 (Fig. 1D) . The average expression of these three MSC cell surface markers from all populations was further shown in Fig. 1E . These data suggest that our MSC preparations are enriched with cells expressing common MSC cell surface markers, and therefore they were utilized for subsequent in vivo tissue regeneration experiments.
For culturing MSC sheets, MSCs were re-seeded on thermo-responsive 6-well (960mm 2 / well) culture plates at 3 different cell densities. After 24 hours of culture, MSCs successfully formed monolayer sheets with cell seeding at 200 cells/mm 2 (Fig. 2B) , and this newly formed MSC sheet was easily detached from the dish for transfer after incubation at 25 °C for 10 min (Fig. 2C ). To assess cell density and viability after cell sheet culture, a newly formed monolayer MSC sheet was trypsinized and stained with trypan blue. Approximately 1.0 million cells were counted in a sheet (1000 cells/mm 2 ) and less than 5% of these cells were stained by trypan blue, suggesting short-term cell sheet culture did not significantly change MSC viability in vitro. We further observed that 3-days of culture were required to form cell sheets at 50 cells/mm 2 and 5-days for 10 cells/mm 2 (data not shown). These data suggest that at least 200,000 cells are required at initial seeding to form a 960mm 2 cell sheet in 24-hours. This size is compatible with generating around 32 tissue-engineered periostea for the 4-mm allograft segment (surface area is around 30mm 2 ) used in our skeletal repair mouse model (Fig. 2D ).
To determine whether this short-term (24-hours) cell sheet culture would significantly change the existing MSC phenotype, we further performed real-time qPCR for Sox2, Oct4, Nanog, and CyclinD1 (MSC markers of stemness and proliferation), as well as, flow cytometry for CD105 in cells before (80% confluent, Fig. 2A ) and after cell sheet formation (Fig. 2B) . qPCR results showed no significant change in the gene expression for any of the MSC or proliferative markers (Fig. 2E) , with only mild changes in the number of CD105 positive MSCs (63% in 80% confluent cultures compared to 53% in cell sheets). These data indicate that short-term culture of MSCs to generate cell sheets does not significantly alter the MSC phenotype.
MSC sheets increase bone formation and osteointegration of femoral allografts
To test whether this MSC sheets can be used in vivo as a pseudo-periosteum to enhance allograft bone defect healing, we transplanted allografts alone (Fig. 3A, D, G, J) , allograft with direct-culture seeded MSCs (Fig. 3B, E, H, K) , or allografts wrapped with MSC sheets (Fig. 3C, F, I , L) into our mouse femoral bone defect model. 2 weeks after surgery, X-ray results showed no significant difference in bony callus formation around allografts in all 3 groups (Data not shown). At 4 weeks, newly formed bony callus was observed surrounding each end of the allografts for both MSC-seeded groups (Fig. 3B) and MSC-sheet groups (Fig. 3C) . However, the callus size was considerably larger in the MSC sheet groups, indicating a more mineralized and robust bone formation response. In contrast, no bony callus was observed in the allograft alone groups (Fig. 3A) . At 6 weeks, a minimal amount of new callus was observed between the allograft and host bone in the allograft alone groups (Fig. 3D) . MSC-seeded allografts exhibited large bony callus formation near the allograft and host bone junction, but no significant callus formation was ever observed near the midallograft surface (Fig. 3E) . In contrast, a large bridging callus was observed surrounding the allograft in MSC-sheet groups and the gap between allograft and host bone had disappeared due to the formation of a bony union (Fig. 3F) . AB/H/OG stained sections confirmed that at 4 weeks a cartilaginous soft callus formed at the host/allograft junction in both MSC-seeded (Fig. 3H) and MSC-sheet groups (Fig. 3I) . Interestingly, more woven bone surrounded the allograft in MSC-sheet groups as compared to other groups. In contrast, no significant callus formation was observed in the allograft alone group (Fig. 3G) . Consistent with X-ray data, at 6 weeks only the MSC-sheet groups exhibited a completely remodeled woven bone callus without cartilage surrounding the allograft (Fig. 3L) . By contrast, the callus from allograft alone (Fig. 3J) and MSC-seeded group (Fig. 3K ) demonstrated persistent cartilage between the allograft and callus tissues at 6 weeks.
To further confirm our X-ray and histological findings, we performed microCT analysis using samples from 4-and 6-weeks post-surgery. MicroCT analyses demonstrated that the size of the external callus at the host/allograft junction in both MSC-seeded (Fig. 4B, H) and MSC-sheet groups (Fig. 4C, I ) were larger and contained more mineralized bone than the allograft alone groups (Fig. 4A, G ) at 4 and 6 weeks post-transplantation. Cut-sections of the microCT images for the entire repair region further demonstrated that a bony union was achieved only in the MSC-sheet groups at 6 weeks post-surgery (Fig. 4L) , while the gap between allograft and host bone was still visible in both allograft alone (Fig. 4J) and MSCseeded groups (Fig. 4K) . Although we did not see an obvious increase in callus formation specifically at the host/allograft junction in MSC-sheet groups when compared to MSCseeded groups, we did observe a substantial bony callus extending across nearly the entire surface of the allograft of the MSC-sheet groups (Fig. 4I, L) . Finally, the percentage of bone volume (BV) to total tissue volume (TV) of callus was calculated and identified to be significantly higher in the MSC-sheet groups when compared to both culture-seeded MSC groups and allograft alone groups at 4 and 6-weeks post-transplantation (Fig. 4M) .
MSC sheets increase the biomechanical properties of femoral allografts
In order to determine whether the MSC sheet-induced histologic and radiographic increases in bone callus volume translated into improved mechanical properties, we performed torsional testing on the grafted femurs at 6-weeks post surgery. While MSC-seeded groups showed an increase in bone callus formation during skeletal repair, we did not detect a significant increase in the maximum torque as compared to allograft alone groups (Fig. 5A) . However, a mild increase in torsional rigidity (Fig. 5B) was observed between the MSCseeded groups and the allograft alone groups. In contrast to MSC-seeded groups, a significant increase in maximum torque and torsional rigidity was shown in MSC-sheet groups [20. 1 N.mm and 543.7 N.mm 2 /rad, respectively] when compared to MSC-seeded and allograft alone groups (Fig. 5A, B) . Collectively, these data demonstrate that the use of MSC-sheets during allograft repair of critical sized bone defects induces de novo bone formation across the graft leading to a stronger and more mineralized bone union.
Discussion
The major complications associated with large structural bone allografts used to reconstruct segmental skeletal defects are fractures and nonunions [43] . This may be largely due to the absence of multipotent MSCs from the periosteum or bone marrow. Removal of the periosteum from bone autografts markedly impairs healing, whereas engraftment of mesenchymal progenitor cells on bone allografts improves healing and graft incorporation [44] . Although the ability of MSC populations to enhance allograft repair has been recognized, attaining the appropriate delivery and retention of MSCs for skeletal repair therapeutic strategies has proven to be difficult. Cell culture techniques in which MSCs have been directly cultured on allografts have demonstrated some success, however problems remain. Two significant problems are the uneven cell distribution across allografts and the weak adhesion of MSCs seeded on the allograft, which can result in detachment following surgical transplantation. To overcome these problems, biodegradable polymer scaffolds have been used with cells to fabricate three-dimensional tissue-like grafts in addition to, or instead of, allograft approaches. However, strong inflammatory responses are often observed upon biodegradation of the scaffolds. Macrophages and neutrophils with collagenase and elastase activities migrate to the implantation site during the early wound healing response. This host inflammatory response can damage the seeded cells even though the biodegradable scaffolds are non-toxic and mechanically non-invasive, resulting in the failure of the engineered tissues [45] . Therefore, a new method that circumvents the use of biodegradable scaffolds for MSC delivery is required for allograft transplantation.
Since cell sheet technology has been successfully used in the regeneration of other soft tissues (i.e. cornea, heart, esophagus) as we mentioned above, we explored whether MSC sheets could serve as an ideal approach for the local delivery of cells to enhance allograft repair and integration. In this study we utilized a heterogeneous population of MSCs isolated from mouse bone marrow, which contains CD105, CD29, and Sca1 positive cells and is thought to be enriched with bona fide skeletal stem cells. The presence of these markers suggests at least some of the skeletal stem cells are present in our heterogeneous MSC populations. By generating MSC sheets using the protocol and technology described herein, we were able to form cell sheets with sufficient biomechanical strength to avoid breakage during surgery and transplantation. Although, monolayer MSC sheets generated in 6 hours or less by seeding a high density of cells was more susceptible to rupture and deformation during transplantation. This is likely due to the deposition of a lesser ECM during the shortened culture period. Since our flow cytometry data indicated no significant changes in the gene expression for any of the MSC or proliferative markers after 24 hours of MSC sheet culture, we selected this time-point for the generation of our MSC sheets. While the stem cell surface marker CD105 exhibited a mild decrease in expression in cultured MSC sheets, our data suggests that this did not significantly affect the osteogenic ability of cell sheets in vivo, although the identification and use of a more pure skeletal stem cell population would likely provide even greater skeletal repair potential. While the exact cell source may be important, the cell sheet itself is also critical for providing normal, undisturbed cell-cell interactions and the development of an ECM that promotes cellular organization and a niche for MSC differentiation in vivo.
To understand the biology underlying the repair of critical sized skeletal defects, we and others have developed various bone grafting procedures that include the use of devitalized allografts (donor bone segments derived from a different mouse strain that are processed in a manner to remove all living cells), autografts (live bone grafts that were removed and replaced such that the donor is the same animal as the recipient), and "revitalized" allografts (devitalized allografts that have been treated with cells, growth factors, or any osteoinductive substance that is likely to enhance allograft repair and integration). Characterization of mouse autograft repair demonstrates a coordinated endochondral bone formation process that is initiated from the host and an intramembranous bone formation process that is elicited from the periosteum of the graft at 2-weeks [46] . Allograft repair, on the other hand, is completely dependent upon endochondral bone formation derived from the host at the graft-host cortical junction with no evidence of intramembranous bone formation on the cortical surface of the allografts. This is in part due to the foreign body reaction that establishes a formal boundary at the host-graft juncture, beyond which cartilage formation and endochondral bone formation cannot occur. By 4 to 6-weeks, autografts appear to have established a mineralized callus that bridges the entire length of the graft. In contrast, bone repair in allografts exhibit markedly less mineralized callus that is typically limited to the host-graft interface region [42] . Our findings presented here demonstrate that MSCs seeded and cultured directly on allografts induces early cartilage formation and enhanced bone formation by 4 weeks post-surgery, but these changes did not lead to a significant increase in biomechanical properties when compared to allograft alone. Moreover, allografts with direct MSC seeding and culturing do not form a bone callus that envelopes the full graft, as is observed in normal autograft repair. This is likely to be the result of MSCs being lost during implantation and throughout the repair process, potentially due to the lack of an appropriate ECM and/or niche. In contrast, data from our MSC sheet groups clearly show a significant increase in new bone that surrounds the length of the graft. Histology further demonstrates that the MSC sheets improve not only early cartilage formation in the callus at 4-weeks, but also subsequent mineralization by 6-weeks resulting in dramatically improved biomechanical properties of the grafted femurs. Interestingly, at 6-weeks post-implantation autografts exhibit biomechanical properties very similar to un-operated, age-matched control femurs [46] . While our MSC sheets induced repair with biomechanical properties (Maximal torque: 20.1±6.9 N.mm and Torsional rigidity: 543.7±148.9 N.mm 2 /rad) that were dramatically superior to other grafting approaches, these enhanced torsional properties still fall short of age-matched, un-operated femurs (Maximal torque: 24.83±1.98 N.mm and Torsional rigidity: 1332.9.18±81.88 N.mm 2 /rad) [46] . This indicates that while MSC cell sheet technology is an improved approach to delivering cells for enhancing allograft repair and integration, further research can be done to improve therapeutic efficacy.
Conclusions
Our data illustrate the remarkable ability of MSC sheets to act as an engineered periosteum that promotes bone callus formation during allograft healing and integration in a mouse femoral defect reconstruction model. These data further suggest that MSC sheets represent a potential clinical treatment to promote osteoblastic bone formation and functional skeletal defect healing in humans. Studies to identify optimal MSC populations for generating cell sheets to achieve repair comparable to autograft healing are currently underway and investigations using large animal models are also being planned to lay the groundwork for future clinical trials. Grafted femurs from each group were retrieved upon animal sacrifice at 6-weeks postsurgery and tested in torsion at 1°/sec to determine the maximal torque (A) and the torsional rigidity (B). Data presented as mean ± standard deviation. (*, p < 0.05 compared with allograft alone; #, p<0.05 compared with allograft + MSC). 
